Defined regions of the rfb gene cluster of Group E1 Salmonella enterica serovar Anatum were introduced into a mutated derivative of this strain that lacks O-polysaccharide polymerase activity. Three different kinds of assays performed on the various transformants all indicate that two functional wzy (rfc) genes reside within the Group E1 Salmonella rfb gene cluster. The product of ORF9.6, positioned near the center of the rfb gene cluster, joins O-polysaccharide repeat units together by K-glycosidic linkages to produce antigen O10, the major serological determinant of Group E1 S. enterica. The product of ORF17.4, positioned at the downstream end of the rfb gene cluster, can join repeat units together by L-glycosidic linkages to produce antigen O15, the major serological determinant of Group E2 S. enterica. ß
Introduction
The lipopolysaccharide (LPS) of Group E1 Salmonella enterica bacteria contains an O-polysaccharide structure called antigen O10 that is comprised of mannosyl-rhamnosyl-acetylgalactose repeat units joined together by K 1^6 glycosidic linkages [1] . In Salmonella and other Gram-negative bacteria, O-polysaccharide repeat units are synthesized in a step-wise fashion on lipid carrier molecules through the action of cytoplasmic enzymes coded for mostly by genes grouped together within so-called rfb gene clusters. Upon completion, the lipid-linked repeat units are transferred to the periplasmic face of the cytoplasmic membrane where O-polysaccharide polymerase enzymes coded for by wzy (rfc) genes join them together to form polymers of varying lengths. The wzy genes are usually found in or near their respective rfb gene clusters. Numerous excellent reviews have been written on these topics [2^5] .
It has long been known that the wzy gene responsible for antigen O10 formation in Group E1 Salmonella is tightly linked to the organism's rfb gene cluster [6] . More recently, complete sequencing of the rfb gene cluster of a Group E1 Salmonella strain revealed two open reading frames (ORFs), designated ORF9.6 and ORF17. 4 , both of whose inferred polypeptide sequences display physical characteristics resembling those of other known O-polysaccharide polymerase enzymes [7] . ORF9.6 lies near the center of the rfb gene cluster while ORF17.4 is positioned at its downstream end. It was later concluded that ORF9.6 was the wzy gene that codes for the Group E1 K-polymerase enzyme, based upon its near identity with the known O-polysaccharide polymerase enzyme of Group D2 S. enterica sv. Strausburg, which also joins mannosyl-rhamnosyl-galactose repeat units together by K 1^6 glycosidic bonds [8] . No ¢rm conclusion was drawn regarding ORF17. 4 .
In this paper, we report the results of a functional analysis performed on the ORF9.6 (wzy) and ORF17.4 gene products of the Group E1 strain, S. enterica sv. Anatum.
The data con¢rms that ORF 9.6 is the wzy gene whose Opolysaccharide K-polymerase enzyme product produces the major serological determinant known as O10. It further shows that ORF17.4 codes for an enzyme that joins O-polysaccharide repeat units together by L-glycosidic linkages, thereby producing the Group E2 Salmonella antigenic structure known as O15. This latter discovery has potential implications for the classical model of Group E1 Salmonella O-polysaccharide conversion by bacteriophage Epsilon 15 [9] .
Materials and methods
Two plasmids carrying di¡erent portions of the rfb gene cluster of Group E1 S. enterica were used to initiate these studies (see Fig. 1 ). The plasmids, called p4250 (pPR964) and p4351 (pPR1030), carry ORF17.4 and ORF9.6, respectively, along with other genes and were generated in the laboratory of Dr. Peter Reeves (University of Sydney) as parts of two di¡erent library constructions, using S. enterica sv. Anatum (strain M32) genomic DNA and the enzymes SacI and HindIII, respectively [7] . Plasmid p4250 was initially too large for electroporation into S. enterica and was therefore digested with KpnI to create a subclone (p4250.1) that retained rfbP, ORF17.4 and gnd as part of a smaller 3.8-kb insert. Several additional subclones of plasmids p4351 and p4250.1 were created in our laboratory to serve as controls for the various experimental procedures that were performed (see Fig. 1 ).
The bacterial strain that was used to perform functional studies on the ORF9.6 and ORF17.4 gene products is called S. enterica sv. Anatum (strain SR2). SR2 is a spontaneously generated, mutant derivative of S. enterica sv. Anatum (strain A1) that is de¢cient in O-polysaccharide K-polymerase activity [10] . Other bacterial strains utilized were the wild-type Group E1 strain, S. enterica sv. Anatum (strain A1), an E15 lysogen of strain A1 called A1(E15-5), S. enterica sv. Anatum R12 (strain R12 is a spontaneously generated rfb mutant of strain A1 that is unable to produce the O-polysaccharide repeat unit and, consequently, is sensitive to phages Felix O1 and PhiX174), and Escherichia coli C, a PhiX174-sensitive host cell obtained from Presque Isle Cultures.
Bacteriophages E15vir, Felix O1 and E34vir came from the collection of Andrew Wright at Tufts University and have all been previously described [24, 26] . Bacteriophage PhiX174 was purchased from Presque Isle Cultures.
Phage sensitivity assays were accomplished by using aluminum replica nails to transfer serial dilutions of bacteriophages from 25-well, nylon (Bertani) boxes onto the surfaces of bacterial cell lawns. The bacterial cell lawns were prepared on LB (or LB-ampicillin) plates using LB soft agar overlays containing V10 8 cfu of various Salmonella strains that had been grown to exponential phase in LB (or LB-ampicillin) broth. Fig. 1 . Characteristics of pUC18 plasmids containing inserts derived from the rfb gene cluster of Group E1 S. enterica sv. Anatum, strain M32. The gene names and numbers in bold font are those used in the initial description of the Group E1 S. enterica rfb gene cluster [7] . Numerical designations refer to the upstream starting positions (in kb) of ORFs whose functions were unknown at that time. Depicted below the original gene names are their present bacterial polysaccharide gene nomenclature names, shown in italics [5] . Plasmid p4351(pPR1030) contains a 3.9-kb HindIII fragment that encompasses all of ORF7.9 (wzx) and ORF9.6 (wzy), as well as parts of the rmlC and wbaO genes. Plasmid p4351.1 was derived from plasmid p4351 by excision of a 1.1-kb SmaI/HpaI fragment. It is missing the ¢rst 482 bp of ORF7.9 but retains an intact ORF9.6 gene. Plasmid p4351.3 is missing all of ORF7.9 and the ¢rst 49 bp of ORF9.6; it was derived from plasmid p4351 by excision of a 2.5-kb EcoRI fragment. Plasmid p4250 (pPR964) contains a V15.5-kb SacI fragment that encompasses all of rfbP (wbaP), ORF17.4 and gnd, as well as V11 kb of DNA located downstream of the rfb gene cluster. Plasmid p4250.1 contains complete copies of both wbaP and ORF17.4 as well as part of gnd and was derived from plasmid p4250 by excision of a V12.1-kb KpnI fragment. Plasmid p4250.2 was derived from p4250.1 by excision of a 2.5-kb EcoRI fragment; it is missing all of wbaP and the ¢rst 866 bp of ORF17.4. Plasmid p4250.3 was derived from p4250.1 by excision of a 1.1-kb HincII fragment. It retains wbaP but is missing all of gnd as well as the last 511 bp of ORF17.4. In all of these plasmids, the`upstream' ends of the rfb insert DNAs are positioned next to the P Lac promoter of the pUC18 plasmid vector, so as to favor production of functional rfb transcripts.
A whole-cell enzyme-linked immunosorbent assay (ELI-SA) [11] was used to monitor the in£uence of plasmid inserts on O-polysaccharide production by various SR2 transformants. Bacteria grown to mid-exponential phase in LB (or LB-ampicillin) broth were pelleted by centrifugation, rinsed and resuspended in carbonate bu¡er (pH 9.4) at a density of 10 9 cfu ml 31 , then added as 50-Wl aliquots (in quadruplicate) to the wells of microplate assay dishes. The binding of cells was accomplished by heating the microplate containing the cell suspensions at 70³C under vacuum until the carbonate bu¡er was completely evaporated. ELISAs were performed on the dried cell suspensions by using 10% fetal calf serum bu¡er as the blocking agent, rabbit anti-O10 and anti-O15 antibodies (Difco) diluted 1:1500 in gel bu¡er as the detector antibodies, and horseradish peroxidase (HRP)-conjugated, goat anti-rabbit IgG heavy chain antibodies (Sigma) diluted 1:5000 in gel bu¡er for quanti¢cation, with citrate bu¡er containing 0.006% (v/v) hydrogen peroxide and 0.04% (w/v) O-phenylenediamine as the substrate solution. Product formation was measured using a Bio-Rad microplate assay reader (Benchmark) set to record optical density (OD) at 490 nm.
LPS were prepared by the phenol extraction method [12, 13] . Aqueous layers obtained by extracting whole cells with 50% phenol for 60 min at 72³C and centrifuging at 9220Ug for 10 min, were dialyzed extensively against 10 mM Tris (pH 8)^10 mM MgSO 4^0 .02% sodium azide bu¡er, then put through a ¢nal puri¢cation step involving centrifugation for 1 h at 81 085Ug in order to pellet the LPS aggregates that form during the dialysis procedure. The relative concentrations of LPS obtained by this procedure were approximated with a KDO chemical assay [14] . LPS samples normalized with respect to 2-keto-3-deoxyoctonate (KDO) content (1.5 nmol KDO/sample) were solubilized by boiling with equal volumes of 2U sample application bu¡er (0.125 M Tris (pH 6.8), 4% sodium dodecyl sulfate (SDS), 5% 2-mercaptoethanol, 10% glycerol, 0.02% (w/v) bromophenol blue), then analyzed electrophoretically, using tricine^SDS^polyacrylamide gels containing polyacrylamide at a ¢nal concentration of 15% in the separating gel [15] . Upon completion of electrophoresis, the LPS molecules in the gel were made visible by oxidation with periodate, followed by silver staining [16] .
Results

Bacteriophage sensitivity
The major LPS structure produced by wzy mutants is a completed lipid A/R-core structure, capped with one copy of the O-polysaccharide repeat unit. Previously published data [10] indicate that S. enterica, sv. Anatum, strain SR2, is a wzy mutant. For example, (1) puri¢ed LPS from strain SR2 contains only 7% as much rhamnose (an O-polysaccharide-speci¢c sugar) as does LPS of the wild-type A1 parent strain, (2) electrophoretic analysis of SR2 LPS on SDS^polyacrylamide gels reveals a major band that is only slightly less mobile (i.e. slightly larger) than completed lipid A/R-core, and (3) strain SR2 is sensitive to bacteriophage Felix O1, but resistant to bacteriophage PhiX174. Phages Felix O1 and PhiX174 both interact with the Nacetylglucosamine residue that branches from the terminal glucose residue of the R-core in Salmonella LPS and are both able to infect rfb mutants whose LPS molecules are devoid of O-polysaccharide repeat units [17, 18] . Bacteriophage Felix 01 has long, £exible tail ¢bers and can also infect Salmonella whose LPS molecules have either short O-polysaccharide polymers or a single repeat unit of Opolysaccharide attached to the lipid A/R-core, as is the case for wzy mutants [19^20] . Bacteriophage PhiX174 lacks tail ¢bers altogether and thus cannot infect wzy mutants [18] . The Felix 01-sensitive, PhiX174-resistant phenotype displayed by SR2 is therefore consistent with what is expected for a wzy mutant.
The phenotypic characteristics of S. enterica strain SR2 that are described above should change dramatically upon transformation by a plasmid carrying a functional O-polysaccharide polymerase gene. For example, receipt of a functional K-polymerase gene should render an SR2 transformant simultaneously more resistant to Felix O1 and more sensitive to Epsilon 15, a bacteriophage that recognizes K-linked polymers of the mannosyl-rhamnosyl-acetylgalactose repeat unit as its receptor; alternatively, receipt of a functional wzy gene coding for L-polymerase should render the transformant simultaneously more resistant to Felix O1 and more sensitive to Epsilon 34, a bacteriophage that recognizes L-linked polymers of the mannosyl-rhamnosyl-galactose repeat unit as its receptor [1] . Table 1 shows the phage sensitivity patterns of S. enterica strain SR2 and several of its transformants that carry complete or partial copies of either ORF9.6 or ORF17.4. The two transformants that received an intact copy of ORF9.6 (SR2/p4351 and SR2/p4351.1) both displayed much greater sensitivity to bacteriophage Epsilon 15. Surprisingly, though, they displayed only a slight increase, if any, in their resistance to bacteriophage Felix O1, a result we are so far unable to explain. On the other hand, the one transformant that received an intact copy of ORF17.4 (SR2/p4250.1) displayed increased sensitivity to bacteriophage Epsilon 34 and substantially decreased sensitivity to bacteriophage Felix O1.
Electrophoretic analysis of LPS
The altered phage sensitivity patterns of transformed Salmonella SR2 that are described above ought to correlate with changes in their LPS structures. LPS obtained from SR2 transformants containing complete or partial copies of ORF9.6 or ORF17.4, as well as several additional control strains, were therefore electrophoresed on tricineŜ DS^polyacrylamide gels and made visible by silver staining. LPS of the non-transformed, parent SR2 strain (Fig.  2, lane 3) displays a broad, fast-moving band, the mobility of which is just slower than the major band in the LPS of strain R12 (lane 4), our spontaneously generated, rfb 3 mutant derivative of wild-type strain A1. LPS prepared from the wild-type strains A1 and A1(E15-5) (lanes 1 and 2), as well as from SR2 transformants containing either an intact ORF9.6 (SR2/p4351 and SR2/p4351.1 in lanes 6 and 7, respectively) or an intact ORF17.4 (SR2/ p4250.1 in lane 9) all displayed a multitude of new bands with decreased mobilities and a ladder-like staining pattern of the type expected for complete LPS molecules with varying numbers of O-polysaccharide repeat units [21, 22] .
Whole-cell ELISAs
A relatively rapid method for detecting speci¢c O-polysaccharide antigenic structures in bacterial LPS involves the whole-cell ELISA [11] . Table 2 shows the results that were obtained when S. enterica SR2 and its various transformants were tested by whole-cell ELISA for the presence of antigens O10 (K-glycosidic linkages) and O15 (L-glycosidic linkages). Strains SR2/p4351 and SR2/p4351.1, with complete ORF9.6s present, were both positive for antigen O10 and negative for antigen O15, whereas strain SR2/ p4250.1, with an intact ORF17.4 present, was negative for antigen O10 but positive for antigen O15. SR2 transformants with plasmids containing partially deleted versions of either ORF9.6 (SR2/p4351.3) or ORF17.4 (SR2/ p4250.2 and SR2/p4250.3) all displayed background OD levels for both O10 and O15 that were similar to those of strain R12, the rfb 3 negative control strain.
Discussion
To summarize, three types of experimental evidence support the conclusion that ORF9.6 and ORF17.4 of the Group E1 S. enterica rfb gene cluster both code for functional, O-polysaccharide polymerase (wzy) genes. As far as is known, only the K-polymerase enzyme coded for by ORF9.6 is expressed by the bacteria in vivo, but it is now clear that ORF17.4 can also give rise to a functional O-polysaccharide polymerase enzyme, at least when it is introduced exogenously as part of a high-copy-number plasmid. The presence of two functional wzy genes in an rfb gene cluster contrasts with the normal situation for Gram-negative organisms, most of which appear to have either a single wzy gene in their rfb gene cluster or else, none at all; for example, in Group B Salmonella the wzy gene is far removed from the rfb gene cluster [23] .
It is noteworthy that although the polypeptide products of ORF9.6 and ORF17.4 (NCBI Entrez protein accession numbers CAA43077.1 and CAA43082.1, respectively) presumably interact with the same lipid carrier-linked, Opolysaccharide repeat unit substrate when building their respective K-and L-linked polymeric products, they are not at all similar in terms of their primary sequences (results not shown). They do, however, resemble other known O-polysaccharide polymerase enzymes in several ways, including : (1) their lengths, which are 392 and 367 amino acids, respectively, (2) their abundance of membrane-spanning domains and (3) their moderate basicities, as indicated by pI values of 9.03 and 9.53, respectively.
O-Polysaccharide L-polymerase enzyme activity of the type displayed by the ORF17.4 gene product was ¢rst detected in the 1960s, using an in vitro polymerization assay and permeabilized cells of an E15-lysogenized, mutant derivative of Group E1 S. enterica that was temperature-sensitive for K-polymerase activity [24] . At that time, the consensus among investigators was that the L-polymerase enzyme activity observed in Salmonella that had been infected or lysogenized by E15 was coded for by phage E15 [9] . The evidence presented in this paper suggests another possibility; namely, that bacteriophage Epsilon 15 creates L-linked O-polysaccharides in Group E1 Salmonella by inducing expression of the host cell's normally dormant ORF17.4 gene. Consistent with such a scenario is the recent discovery that the protein coded for by bacterial gene rfaH can enhance expression of promoterdistal genes in the Group B S. enterica rfb gene cluster by functioning as a transcriptional anti-terminator [25] . Opposing the idea, though, are earlier studies involving Salmonella lysogens carrying mutant E15 prophage with temperature-sensitive defects in antigen O15 production ; when these cells were permeabilized and assayed for Lpolymerase activity in vitro using exogenously added radioactive nucleotide sugars, the polymerization reaction retained its temperature-sensitive phenotype [26] . This result argues strongly that a protein coded for by the prophage is directly involved in the L-polymerization reaction. We are presently attempting to resolve these seemingly contradictory observations with additional experiments. In the meantime, the results reported in this paper may justify changing the names of the Group E1 S. enterica genes presently known as ORF9.6 (wzy) and ORF17.4, to wzy E1 and wzy E2 , respectively. 
